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We measured acute changes in monoamine metabolites in corpus striatum of immature rat pups exposed to hypoxia- 
ischemia, hypoxia alone, or total global ischemia. Carotid ligations and two hours of 8% oxygen environment in 7-day- 
old pups led to asymmetrical turning behavior, a 70% decrease in endogenous striatal dopamine levels, and a 125% 
increase in homovanillic acid (HVA) concentrations on the side of ligation. In contrast, hypoxia alone and total global 
ischemia alone were not associated with HVA level elevation. Elevation of HVA level with hypoxia-ischemia showed a 
threshold effect between 1 and 1.5 hours, and this time course paralleled that for production of gross morphological 
changes in rats raised to maturity. The  data suggest that dopamine release from striatal nerve terminals is associated 
with events causing brain injury during perinatal hypoxia-ischemia. Tissue HVA in the animal model appears to be a 
quantitative marker for the effects of the insult on a population of nerve terminals. 
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Perinatal hypoma-ischemia triggers a cascade of bio- 
chemical events that results in neuronal injury, but the 
mechanisms underlying these processes are poorly 
understood. Various combinations of hypoxia and isch- 
emia probably lead to final common reactions that dis- 
rupt intraneuronal metabolic machinery and produce 
cell death [16, 22). To study the acute responses of 
immature neurons to this form of injury, we measured 
changes in monoamine metabolism in the corpus 
striatum of rats exposed to hypoxia-ischemia, hypoxia 
alone, or total global ischemia. A dense dopamine in- 
nervation appears early in this region [4, 5 ,  10, 231, and 
its synaptic neurochemical markers might be expected 
to reflect neuronal injury. The  rat pup model of unilat- 
eral hypoxia-ischemia used in the experiments has been 
shown to result in a reproducible pattern of neuronal 
damage (9, 17). Furthermore, its severity can be ma- 
nipulated by varying the length of the hypoxic period. 
The results of the present experiments demonstrate 
that severe perinatal hypoxia-ischemia has an effect on 
dopamine terminals that differs markedly from the ef- 
fect of hypoxia or total ischemia alone. 
Methods 
Pregnant Sprague-Dawley rats (Charles River) were housed 
in separate cages after 17 d'ays' gestation, and pups were born 
on day 2 1 or 22 of gestation. One hundred eighty-five 7-day- 
old pups from twenty-one litters were used for the ex- 
periments. 
To produce unilateral hypoxia-ischemia, 137 pups were 
briefly anesthetized with ether and a carotid artery was 
ligated. In 48  sham-operated control pups, the artery was 
manipulated but not ligated. After two hours in which pups 
were allowed to suckle with the dam, they were placed in a 
glass chamber warmed to 37°C and supplied with humidified 
8% oxygen (balance, nitrogen). Pups were removed to room 
air 0.5, 1, 1.5, or 2 hours later, and killed after 5 to 10 
minutes. Results were unaffected by a delay in death of up to 
10 minutes. Untreated pups and animals exposed to 8% oxy- 
gen alone for 2 hours were also studied. 
Upon removal of the animals from the chamber, the pres- 
ence or absence of spontaneous turning behavior was noted. 
If strong unilateral turning was not present, the response to 
tail pinch was noted. Pups were killed by decapitation, and 
the corpora striata were dissected from the brain at 4"C, 
frozen on dry ice, weighed, and stored in a - 70°C freezer. 
To measure the animals' physiological response, groups of 
animals were removed at intervals during hypoxia, and blood 
from severed neck vessels was analyzed for partial pressure O F  
oxygen and carbon dioxide, and pH (Radiometer, Copenha 
gen). In some animals arterial samples were collected from a 
severed carotid artery or the left ventricle. Blood gas findings 
were similar in carotid-ligated and sham-operated rats. 
To examine the effects of total global ischemia on mono-- 
mine  metabolism, pups were decapitated and the heads 
were placed in beakers at 37°C for periods of time similar to 
those used for hypoxia in the ligated pups. Brains were then 
dissected and analyzed identically to the hypoxic-ischemic 
ones. 
Striatal concentrations of dihydroxyphenylacetic acid 
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(DOPAC) and homovanillic acid (HVA), metabolites of 
dopamine, and 5-hydroxyindoleacetic acid (5-HIAA), the 
major acid metabolite of serotonin, were measured using 
high-performance liquid chromatography with electrochem- 
ical detection (HPLC-EC) [ 11. The HPLC system included a 
C-18 column (Whatman) and an electrochemical detector 
(Bioanalytical Systems glassy carbon electrode, potential 
maintained at + 0.78 V, run at sensitivities of 1 to 2 nA). The 
mobile phase was a methanol and water mixture containing 
0.01 M sodium acetate and 0.0001 M ethylenediaminetetra- 
acetate, and p H  adjusted to 3.7. Tissue was homogenized 
by sonication in 250 p1 of 0.1 M perchloric acid containing 
0.1% sodium metabisulfite to impede oxidation of the 
metabolites. Seventy-five pl of 1M Tris, p H  8.6, was added 
to the suspension to enhance precipitation of particulate mat- 
ter [27]. After centrifugation of the suspension at 18,000 
rpm for 15 minutes, 40 to 80 pl aliquots of supernatant were 
analyzed. Concentrations of DOPAC, HVA, and 5-HIAA 
were calculated using external standards, and values were 
expressed per milligram of tissue. Endogenous dopamine was 
measured in perchloric acid extracts with HPLC-EC using a 
cation exchange column. 
For correlation of the time course of short-term changes in 
monoamine metabolism with later morphological effects, a 
group of animals was raised to 7 weeks of age and then killed. 
The forebrain was separated from the pons-medulla and cere- 
bellum, and the left and right cerebral hemispheres were 
weighed separately. 
Results 
Eighty-three percent of pups survived carotid artery 
ligation and up to 2 hours of hypoxia, whereas 98% of 
Fig  1. Rat pups demonstrating turning behavior after carotid li- 
gation and 2 hozm of hypoxia. The 8 pups on the right had 
right carotid Ligation. whereas the 6 on the kjt had ldt carotid 
ligation. 
the sham-operated animals survived hypoxia. Im- 
mediately after emerging from the hypoxic chamber 
and for about 10 minutes thereafter, 66% of the 
ligated pups turned either spontaneously or after tail 
pinching toward the side of ligation (Fig l), whereas 
6% turned to the opposite side. Of the remaining pups 
(28%), half were lethargic and did not turn and the rest 
showed no turning preference. 
Blood gas findings remained stable and uniform over 
the period of hypoxia. The partial pressure of oxygen 
fell abruptly to approximately 30 torr, whereas that of 
carbon dioxide fell to 25 torr because of hyperventila- 
tion. The pups also experienced a mild, gradual fall 
in arterial p H  during the period in the hypoxic 
atmosphere. 
Neurocbemical Changes 
The pups’ ipsilateral turning behavior after the hy- 
poxic-ischemic insult suggested an asymmetry in stri- 
atal dopamine concentration between the two sides 
{24]. Assay of endogenous dopamine verified this 
speculation; the concentration of this neurotransmitter 
was reduced by 70% on the ligated side after 2 hours 
of hypoxia (Fig 2). No difference was found between 
the unligated side at 2 hours and striata in untreated 
controls. 
Because the reduced dopamine concentration might 
have been related to decreased synthesis or increased 
nerve terminal release and degradation, the dopamine 
metabolites DOPAC and HVA were assayed. The 
metabolite for serotonin, 5-HIAA, was also assayed to 
assess another population of monoaminergic nerve ter- 
minals (Table). 
In pups with unilateral carotid ligation exposed to 
0.5 or 1 hour of the 8% oxygen atmosphere, there was 
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SHAM LIGATION Hypoxlo 30 r T 
I = ipsilateral 
C= contralateral 
Fig 2. Conipurison of  striatal dopamine concentration bilaterally 
in  hypoxzc--ischemic pup.i and sham-operated hypoxic controls. 
There uiere 12 animals in each group. Ipsilateral and contra- 
lateral refer to side ofsurgeqi. Bar height indicutes meun ? 
SEM. A.rteriJ.k indicutes p < 0.01 using Student t test Jor 
puired t z i f z m .  
little change in monoamine metabolites on either side 
of the brain. After 1 .5 hours of hypoxia, however, ipsi- 
lateral HVA concentrations rose to 60% above 
baseline values and were 70% higher than those in the 
contralateral striatum. At 2 hours the ipsilateral con- 
centration had risen to 125%, above control values and 
was 64% above the level on the other side. At 2 hours 
of hypoxia-ischemia, HVA levels on the side opposite 
that of ligation were 37(%' above baseline values Cp < 
0.001). In contrast to HVA, there was no significant 
change in the concentration of the other dopamine 
metabolite, DOPAC, or the serotonin metabolite, 5 -  
HIAA. 
To determine how much of the rise in HVA level 
was related to effects of hypoxia rather than effects of 
hypoxia plus ischemia, a group of pups was studied 
during hypoxia without carotid ligation (Fig 3A). Hy- 
poxia alone produced a 307; fall in HVA and a 46'";' 
fall in 5-HIAA level by 2 hours. DOPAC concentra- 
tions were unaffected. Total global ischemia produced 
Striatal Concentrations of Metabolites in  Ligated Pups" 
O 0 5 I 1.5 2 0  
Hours of Hypoxio 
A 
Total Global Ischemia 
.30 r 
1 
0 .5 l.'5 i.0 
Hours After Decapitation 
€3 
F i g  3 .  (A) Time course of changes in striatal r-oncentrutions qf 
homwanillic acid (HVA) and 5-hydrox~iiidol~ucetic acid (5- 
HIAA) with increasing duration of hypoxia in  7-duy-old pups. 
There were 4 to 14 animals in  each group, e.xcept at 0.5 hour (2 
animals). (B)  Time course of changes in  striatal concentrations of 
HVA and 5 - H I M  u'ith increasing duration of  rota/ global 
ischemia. There uwr 3 to 4 animals in  each group. All valurs 
are mean IT SEM. Asteri-tk indicates p < 0.01 using Student t 
test for paired t'alues. 
similar results, although HVA level did not fall by 2 
hours, as it did during hypoxia (Fig 3B). With total 
global ischemia, values for HVA and DOPAC were 
not significantly different at 2 hours, whereas 5-HIAA 
values fell by 53% in the same period. 
That the 8%' oxygen environment alone reduced 
HVA concentrations in the immature striatum sug- 
gests that the higher values obtained from the ligated., 
hypoxic pups reff ect the contribution of relative isch-- 
emia. The actual impact of the carotid ligation in the 
~~~ ~ ~ ~~ 
Side of Measurement 
Ipsilateral to Ligation Contralateral to Ligation 
Hours of 5-HIAA DOPAC HVA 5-HIAA DOPAC HVA 
Hypoxia (ndmg) (ngimg) (ndmg) (ndmg) (ngimg) (ngimg) 
0.5 (n  = 6) 0.17 5 0.02 0.10 * 0.03 0.21 ? 0.05 0.15 f 0.02 0.12 t 0.03 0.21 i 0.03 
1.0(n = 16) 0.17 i 0.02 0.11 t 0.07 0.20 t 0.04 0.15 1 0.02 0.07 I- 0.06 0.15 f 0.02 
1.5 (n  = 17) 0.16 t 0.02 0.13 & 0.02 0.39 f 0.05' 0.16 ? 0.01 0.16 t 0.03 0.23 ? 0.02 
2.0(n = 31) 0.12 ? 0.01 0.14 2 0.01 0.54 t 0.04' 0.11 ? 0.01 0.22 t 0.04 0.33 2 0.01 
"Seven-day-old rat pups underwent carotid artery ligation followed by exposure to 8(Z oxygen (balance, nitrogen). Mean values for unoperatd 
controls were the same o n  both sides: DOPAC, 0. I3  ? 0.02 ngimg; HVA,  0.24 ? 0.02 ng/mg; 5-HIAA, 0.15 ? 0.02 ndrng. Values arc 
expressed as means i SEM. 
Statistical significance. " p <: 0.01; ' p < 0.001 comparing ligated and opposite side using Student I test. 
J-HIAA = J-hydroxyindolt.acetic acid; DOPAC = dihydroxyphenylacetic acid; H V A  = homovanilk acid. 
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loo1 
0.5 I 1.5 2 
Hours of Hypoxio 
Fig  4. Time course of changes in striatal concentration of 
homovanillic acid (HVA) in ligated, hypoxic pupsq with values 
expressed as a percentage of concentrations in sham-operated pups 
exposed to the same duration of 8% oxygen. Values on the ligated 
side were significantly higher than those on the opposite side at 
1.5 and 2 hours (see Table). Ipsilateral and contralateral refer 
to the side of ligation. Values are means % S E M .  Asterisk indi- 
cates p < 0.01, and doirble asterisk indicates p <: 0.001; com- 
parisons were made using Student t test ( n  = 6 t o  31 I .  
face of hypoxia is shown in Figure 4,  where values for 
the hypoxic-ischemic pups are plotted in relationship 
to those for pups exposed to sham operation and hy- 
poxia alone. Although HVA concentrations on both 
sides are slightly below those in hypoxic pups at 0.5 
and 1 hour, there is a sharp rise on both sides at 1.5 and 
2 hours. By 2 hours of hypoxia, HVA levels on the 
ligated side rose to 300% of values in sham-operated 
hypoxic pups, whereas those on the opposite side were 
180% of the sham levels. 
The time course for elevation of HVA levels in the 
hypoxic-ischemic brain suggests that there is a 
threshold of hypoxic-ischemic exposure between 1 and 
1.5 hours when some critical events lead to increased 
turnover of dopamine. To determine whether this tim- 
ing corresponded to a threshold for morphological 
changes, hemisphere mass was measured as a readily 
quantifiable though gross index of injury in the ligated 
hypoxic pups that had matured. Hemispheral atrophy 
is a highly reproducible lesion in pups exposed for 2 
hours. Figure 5 demonstrates that the time threshold 
for production of this effect lies between 1 and 1.5 
hours. Thus, the time course and threshold for later, 
grossly obvious brain injury parallels that observed for 
the acute increase in striatal HVA concentration. 
Discussion 
The perinatal brain is relatively resistant to hypoxia 187. 
Clinical and experimental animal studies suggest that 
reduced blood flow combined with hypoxia is required 
to produce morphologically detectable brain injury C31. 
However, little is known at a biochemical level about 
how hypoxia and ischemia interact to worsen damage. 
L I  I I  I I 1  
0 .5 I 1.5 2 2.5 3.0 
Hours in 8% 0, 
F i g  5 .  Relationship betu'een reduction in ipsilateral hemisphere 
mass and daration of 8% oxygen exposure in 20 rat pups with 
unilateral carotid artery ligation. The animals were raised t o  7 
weeks of age before being killed, and the weights of the t w o  bemi- 
spheres were compared. The hemispheres contralateral t o  the liga- 
tion were the same weight as in untreated controls ufter each pe- 
riod of exposure (weight, 640 * 12 m a .  
Other experiments have examined changes in meta- 
bolic substrates, organic acids, and acid-base balance 
produced by combinations of hypoxia and ischemia 
E22, 25, 291. Our approach in the present experiments 
has focused on quantitating the response of a group of 
immature nerve terminals to the insult. 
The model of perinatal hypoxia-ischemia in 7 -day- 
old rats is a variation of the Levine procedure C12). 
Carotid ligation or hypoxia alone produces no injury, 
but the combination damages the ipsilateral hemi- 
sphere. In the adult rat preparation of Levine, unilateral 
carotid artery ligation performed during a period of 
severe hypoxia has been shown to limit reactive hy- 
peremia in the ipsilateral hemisphere [20]. Although 
blood flow increases four- to sixfold in response to 
hypoxia on the unligated side, it rises by only half as 
much on the ligated side. Thus the hemisphere damage 
is related to relative ischemia on the ligated side in the 
face of hypoxia. Carotid ligation plus hypoxia may act 
through a similar mechanism in the infant rats. Blood 
flow in the preparation has not yet been accurately 
measured, however, because of the small size of rat 
PUPS. 
The preparation produced predominantly unilateral 
brain injury that has been histologically studied im- 
mediately after insult { 17) and after the animals have 
matured to 3 and 7 weeks of age [9}. The brainstem 
and cerebellum are relatively spared. Unlike the adult 
rat experiments using the Levine procedure, in which 
animals usually die after a short period, in these studies 
the immature rats may be studied at intervals of hy- 
poxia spanning several hours. As in the adults, the 
cerebral cortex, hippocampus, and striatum are sensi- 
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tive to injury. However, the periventricular zone in 
the corpus striatum is damaged more than the rest 
of the hemisphere at 2 hours. Longer periods are re- 
quired to cause cavitations in the overlying cortex @]. 
By varying the duration of 8%' oxygen exposure, we 
found a threshold for major morphological injury that 
lies between 1 and 1.5 hours. Although the freely 
breathing animals were not physiologically controlled, 
their arterial blood gas values indicate that there was no 
major cardiorespiratory instability throughout the pe- 
riod of the experiment. Welsh and colleagues [29] ob- 
tained similar results for nonligated hypoxic pups 
treated similarly to ours. They also found only modest 
decreases in pulse rate and blood pressure over 2 
hours. Therefore, the threshold for brain injury in the 
preparation is probably related to metabolic factors 
within the brain. 
Previous work showed that dopamine levels are re- 
duced in brains of monkeys and gerbils on the side of 
complete strokes C3 11. We studied dopamine metabo- 
lism in striatum in the hypoxic-ischemic pups because 
of the turning behavior and also because this region is a 
major site of injury in the model. The duration of hy- 
poxia with carotid ligation that produced severe tissue 
injury corresponded to the time when the surge in 
striatal HVA occurred. This observation suggests that 
factors responsible for the tissue injury and those pro- 
ducing the rise in HVA concentration are linked in 
some way. 
The elevation of HVA level could result from in- 
creased synthesis and turnover of dopamine, exagger- 
ated release and degradation, or decreased clearance 
from the striatum. Diminished clearance from tissue 
seems unlikely, because 5-HIAA, which is cleared by 
similar mechanisms, was unaffected. Augmented syn- 
thesis would not be expected, because tyrosine hydrox- 
ylase, the rate-limiting synthetic enzyme for dopamine, 
has a cofactor requirement for molecular oxygen. In- 
creased synthesis probably does not play a role, be- 
cause dopamine was in fact reduced by 70%) afcer 2 
hours. Furthermore, study of the fate of tritiated cate- 
cholamines injected into gerbils that had suffered 
strokes suggests that dopamine synthesis is reduced 
and release is augmented 11 11. The most plausible in- 
terpretation of our results is that elevated HVA levels 
are produced by a massive release of dopamine from 
nerve terminals in response to severe hypoxia-isch- 
emia. 
Although the rise in HVA level was markedly 
greater on the ligated side, a significant elevation oc- 
curred on the side opposite carotid ligation as well. 
This finding may represent some crossover of the hy- 
poxic-ischemic effect. Approximately 10% of pups in a 
large series have been noted to have bilateral mor- 
phological changes (M. V. Johnston, unpublished data, 
1982). Alternately, the contralateral changes may 
reflect crosstalk from the opposite nigrostriatal circuit 
rather than a primary striatal effect of the insult 1151. 
Although cortical catecholamine neurons in the rat 
may respond differently to stroke depending on 
whether the right or left hemisphere is involved [ISJ, 
the side of the ligation made no difference in the HVA 
response in our experiment. 
Although HVA levels rose during hypoxia-ischemia, 
DOPAC and 5-HIAA concentrations remained un- 
changed. There are several possible reasons for the 
DOPAC results. This metabolite is formed primarily 
by monoamine oxidase from free dopamine within pre- 
synaptic nerve terminals. In contrast, HVA is a product 
of dopamine released to the outside of the nerve termi- 
nal, where catechol-o-methyltransferase and mono- 
amine oxidase are both located. DOPAC may not rise 
because of reduced activity of the oxygen-dependent 
enzyme monoamine oxidase. Because monoamine ox- 
idase is required for production of both metabolites, 
however, the more likely explanation is that hypoxia- 
ischemia stimulates extraneuronal release of dopa- 
mine predominantly. The lack of effect on 5-HIAA 
levels suggests, as has previous work, that serotonin 
nerve endings are less sensitive to ischemia than are 
catecholamine terminals 1 1, 131. 
Hypoxia-ischemia severe enough to cause tissue in- 
jury affected dopamine metabolism quite differently 
from hypoxia or global ischemia alone. However, up to 
1 hour of hypoxia plus ligation produced a small reduc- 
tion in HVA resembling the effect of hypoxia alone. 
This finding, along with previous work, suggests that 
mild hypoxia or total ischemia causes a reduction in 
catecholamine turnover [7, 311. Longer periods of hy- 
poxia-ischemia probably induce massive release of 
nerve terminal dopamine. Whether this release is asso- 
ciated with accelerated neuronal impulse flow is un- 
clear. In the gerbil stroke model, the fall in dopamine 
levels is associated with the occurrence of seizures. Al- 
though the rat pups were tremulous, they did not ap- 
pear overtly to have seizures [2S}. Nevertheless, it is 
possible that one of the critical events occurring at the 
time of injury is localized neuronal depolarization. 
Convulsions in human neonates with hypoxia-ischemia 
correlate strongly with brain injury [19, 21, 261. Al- 
though it may seem paradoxical that hypoxia-ischemia 
produces an effect of injury that total ischemia does 
not, morphological studies indicate that the brain may 
withstand total cessation of flow better than partial isch- 
emia 114, 221. Also, in infant monkeys, prolonged par- 
tial asphyxia may produce more damage than total as- 
phyxia with resuscitation { 141. 
The data from these experiments suggest that 
dopamine release is associated with events causing 
neuronal injury. Furthermore, the HVA level in tissue 
may be a quantitative index of the severity of the insult. 
Because neurotransmitter release is calcium dependent 
346 Annals of Neurology Vol 15 No 4 April 1984 
[6], one reasonable possibility is that HVA may reflect 
hypoxia-ischemia-induced calcium entry into nerve 
terminals. Elevated intracellular calcium levels from a 
massive influx are thought to mediate hypoxic cell 
death in several systems [16, 22). Another possible 
link between the elevated dopamine release and injury 
is that the dopamine is in itself noxious to surrounding 
neurons C30). Release of another neurotransmitter, 
glutamate, has been suggested to play a role in hypoxic- 
ischemic injury [2f. Our studies suggest that HVA as- 
say in this model can serve as a rapid quantitative indi- 
cator of effects of metabolic variables (e.g., blood gases, 
glucose), as well as other permutations of hypoxia and 
ischemia and drugs. 
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